Strain-induced martensite transformation (SIMT) commonly exists around a crack tip of metastable austenite stainless steels. The influence of the volume expansion of the SIMT on the hydrogen diffusion was investigated by hydrogen diffusion modeling around a crack tip in type 304L austenite stainless steel. The volume expansion changed the tensile stress state into pressure stress state at the crack tip, resulting in a large stress gradient along the crack propagation direction. Compared to the analysis without considering the volume expansion effect, this volume expansion further accelerated the hydrogen transport from the inner surface to a critical region ahead of the crack tip, and further increased the maximum value of the hydrogen concentration at the critical position where the strain-induced martensite fraction approximates to 0.1, indicating that the volume expansion of the SIMT further increased the hydrogen embrittlement susceptibility.
Introduction
Due to the high resistance to hydrogen embrittlement (HE) and low hydrogen diffusivity, austenite stainless steels (ASSs) have been widely used in hydrogen-containing environments. The metastable ASSs, such as type 301, 304(L) and 316, usually undergo suitable cold work process to reach higher strength and better resistance to HE and stress corrosion cracking [1, 2] . However, excessive cold work reverses this effect due to the over-occurrence of strain-induced martensite (α'-martensite and ε-martensite) transformation (SIMT) [3] , since the strain-induced martensite is much more sensitive than austenite to hydrogen [4, 5] . Therefore, HE generally occurs as the results of hydrogen-induced crack initiation and propagation during the process of SIMT [6, 7] .
Investigating the hydrogen diffusion around a crack tip is critical to predict and prevent the hydrogen assisted crack. Thus, a lot of the literature focused on analyzing the hydrogen diffusion around a crack tip. Sofronis and McMeeking [8] established the basis of hydrogen diffusion near a blunting crack tip, where the maximum lattice hydrogen concentration is at the distance of the peak site of the hydrostatic stress from the crack tip. However, in comparison with the population of the trapping site's hydrogen, the lattice diffusion is very small. Yokobori et al. [9] constructed a physical and numerical analysis to describe the hydrogen concentration evolution around a crack tip considering the stress assisted diffusion. Liang et al. [10] conducted numerical simulation of hydrogen diffusion considering the stress, plastic strain and hydrogen-induced reduction of interfacial cohesion and material softening. Takakuwa et al. [11] used finite element (FE) analysis to show the influence of the residual stress on the hydrogen concentration around a crack tip in plastically deformable material after a fatigue process. Paneda et al. [12] examined the hydrogen diffusion towards the fracture process zone accounting for local hardening due to geometrically necessary dislocation by means of strain gradient plasticity. Unlike plasticity-base prediction, the increased dislocation density associated with gradients of plastic strain caused very high levels of crack tip lattice hydrogen concentration.
For the crack tip in metastable ASSs, the material and mechanical behaviors are entirely different. In the absence of hydrogen, the martensite transformation can result in a pronounced crack growth retardation near the crack tip in a metastable alloy [3, 13] , while in the hydrogen-containing environment, HE generally occurs and the hydrogen diffusion near a crack tip is more complex. Not only the hydrogen accumulates ahead of a loaded crack tip due to the stress assisted diffusion, but also a great amount of martensite transformation causes a sharp change in the hydrogen diffusion properties of the ASSs, i.e., the hydrogen diffusivity in martensite is about five orders of magnitude higher than that in austenite, while the solubility is about two orders of magnitude lower [14] . Chen et al. [3] investigated the hydrogen assisted fatigue crack growth (FCG) characteristics of ASSs with different austenite stability (301, 304L and 310S). The strain-induced martensite formed in the plastic zone ahead of the crack tip was responsible for the accelerated crack growth of the metastable stainless steels in hydrogen. Zhang et al. [6] characterized the hydrogen-induced crack initiation in hydrogen-charged metastable austenitic stainless steel, and it was experimentally found that the martensite not only provides a rapid hydrogen diffusion path but also promotes crack initiation. Wang et al. [15] conducted an FE analysis of hydrogen diffusion around the crack tip in austenitic stainless steel considering the SIMT. The presence of the martensite around a crack tip dramatically elevates the hydrogen concentration level.
It can be concluded that crack growth occurs at a lower stress level and fatigue crack growth rate is accelerated in the presence of the hydrogen [16] [17] [18] . The reasons are commonly attributed to the coupled effects of the SIMT and hydrogen near the crack tip. To date, the exact influence of the SIMT in conjunction with the stress-strain field on the local diffusion of hydrogen around the crack tip is not analyzed in detail in the current literature. One of the most important influence factors is the volume expansion caused by the austenite to martensite transformation. In our current understanding, the material volume increases as the austenite, with a face-centered cubic structure, changes into martensite, with a body-centered tetragonal structure. This volume expansion seriously affects the stress and strain distribution. For example, during the residual stress formation of the welded joint, the high tensile stress can be obviously decreased by this volume expansion, even changed into compressive stress field [19] [20] [21] . Similarly, the SIMT, while considering the volume change in metastable ASSs, inevitably causes the redistribution of stress and strain, and thus causes the redistribution of hydrogen concentration, especially near the crack tip. Unfortunately, such influences have never been reported in the current literature. Thus, the aim of this study is to reveal the influence of volume expansion of SIMT on the hydrogen diffusion around a crack tip. Hydrogen diffusion inside metal cannot be precisely predicted by methods, such as conventional experiment methods [22, 23] and data-driven modeling [24] [25] [26] . Computational simulation technology may be the most powerful and efficient way [14, 27, 28] . In this study, a type 304L pressure vessel containing high-pressure hydrogen gas was used and FE analysis was conducted to intuitively investigate the hydrogen diffusion around a crack tip in this vessel.
Investigation Procedure
A pressure vessel, representing typical transport or storage containers for high-pressure hydrogen gas, with an inner surface crack tip was studied, as shown in Figure 1 . The material used is a type 304L ASS which had been solution-annealed at 1080 • C for 1 h and water quenched with a yield stress of 201 MPa and tensile strength of 705 MPa. A mechanical hydrogen diffusion sequential coupled procedure was built by using ABAQUS/Explicit 6.13 software with subroutines. The mechanical analysis was first conducted to obtain the stress-strain field considering the effect of SIMT along with its volume expansion. The yield stress was set to be associated with the flow rule and isotropic strain hardening following an experimentally true stress-strain curve [15] . The pressure stress and plastic strain were obtained around the crack tip. A user-defined field was used to present the strain-induced martensite fraction. The martensite fraction was calculated synchronously by the obtained plastic strain during the mechanical analysis. Furthermore, the volume expansion caused by the SIMT was implemented by a transformation expansion coefficient, set as 7.38 × 10 −3 [20, 29] , multiplied the strain-induced martensite fraction. Next, the pressure stress field and martensite distribution results saved in the previous step were input as predefined fields into a mass diffusion simulation to obtain the hydrogen transient distribution. In this simulation, the hydrogen diffusion properties, i.e., hydrogen diffusivity and solubility were defined as a function of plastic strain and martensite fraction.
Metals 2019, 9, x FOR PEER REVIEW 3 of 10 coupled procedure was built by using ABAQUS/Explicit 6.13 software with subroutines. The mechanical analysis was first conducted to obtain the stress-strain field considering the effect of SIMT along with its volume expansion. The yield stress was set to be associated with the flow rule and isotropic strain hardening following an experimentally true stress-strain curve [15] . The pressure stress and plastic strain were obtained around the crack tip. A user-defined field was used to present the strain-induced martensite fraction. The martensite fraction was calculated synchronously by the obtained plastic strain during the mechanical analysis. Furthermore, the volume expansion caused by the SIMT was implemented by a transformation expansion coefficient, set as 7.38 × 10 −3 [20, 29] , multiplied the strain-induced martensite fraction. Next, the pressure stress field and martensite distribution results saved in the previous step were input as predefined fields into a mass diffusion simulation to obtain the hydrogen transient distribution. In this simulation, the hydrogen diffusion properties, i.e., hydrogen diffusivity and solubility were defined as a function of plastic strain and martensite fraction. 
Hydrogen Dependent Material Properties
Based on the experiment results [15] , the quantitative relation between the martensite f and plastic strain εp was shown as ln = 2.538 ln + 3.583.
Subsequently, a hydrogen diffusion evolution analysis was solved with the predefined fields of pressure stress field and martensite fraction field which were read from the previous analysis. As increasing the amount of martensite, the hydrogen diffusivity D increased while solubility s decreased. The equations were determined as [15] . 
The hydrogen concentration of the inner surface c0 was defined according to Sievert's law. Here, the initial concentration on the inner surface was evaluated to 36.0 ppm, and near the crack tip, decreased with the increase of martensite fraction. 
Hydrogen Diffusion Analysis

Hydrogen Dependent Material Properties
Based on the experiment results [15] , the quantitative relation between the martensite f and plastic strain ε p was shown as
Subsequently, a hydrogen diffusion evolution analysis was solved with the predefined fields of pressure stress field and martensite fraction field which were read from the previous analysis. As increasing the amount of martensite, the hydrogen diffusivity D increased while solubility s decreased. The equations were determined as [15] .
Metals 2019, 9, 977 4 of 10
The hydrogen concentration of the inner surface c 0 was defined according to Sievert's law. Here, the initial concentration on the inner surface was evaluated to 36.0 ppm, and near the crack tip, decreased with the increase of martensite fraction.
Hydrogen Diffusion Analysis
The driving forces of hydrogen diffusion are a normalized concentration φ which is equal to the ratio of hydrogen concentration to solubility c/s, temperature gradient and pressure stress gradient, as shown in the governing equation [14, [30] [31] [32] [33] :
where J is the flux of concentration of hydrogen, D and s are the hydrogen diffusivity and solubility, respectively. T is the temperature in Celsius and T 0 is the absolute zero. The Soret effect factor, κ s , providing diffusion due to temperature gradient, is given by
Here, the simulations do not relate to the thermal-mechanical coupling, thus the Soret effect equals zero. The pressure stress factor, κ p , providing diffusion driven by the gradient of the equivalent stress p, is shown as
where R is the universal gas constant, V H = 2.0 × 10 3 mm 3 /mol is the partial molar volume of the hydrogen in iron-based metals [34] .
Results and Discussions
The mechanical analysis results considering the volume expansion of the SIMT, and then without considering the volume expansion, are shown in Figure 2 . The martensite fraction distributions around the crack tip were similar in both calculations, indicating that the volume expansion has less effect on the SIMT, as well as plastic strain. However, the stress distributions were greatly changed, both in uniaxial stress and pressure stress. The maximum of the opening stress was decreased and more importantly, the stress of the crack tip adjacent to the inner hydrogen environment was changed from tensile stress into pressure stress. The stress field was completely changed in not only value, but also distribution contoured near the crack tip. Figure 3 gives the stress and strain distributions along a path length (as shown in Figure 1 ). Apparently, the stress level and value were dramatically impacted by the volume expansion, as shown in Figure 3a . The stress concentration factor was partially relieved, especially at the crack tip with a pressure stress change of about 700 MPa. The volume expansion had very limited influence on the plastic strain field around the crack tip, as well as the martensite transformation fraction, as shown in Figure 3b ,c, respectively. The differences were less than 5%. That attributes to the volume expansion amount used here, 7.38 × 10 −3 , was far smaller than the maximum of plastic strain,~0.4. Moreover, the effective length of the SIMT along the crack propagation direction was less than 0.03 mm. In this length range, with the influence of SIMT, the plastic strain and martensite transformation fraction were decreased at the tip and gradually changed to increase with the distance away from the tip.
Around the crack tip, the plastic strain caused by the external load directly induces the martensite transformation, then the martensite fraction directly changes the stress distribution according to its volume expansion. Conversely, stress change has a limited effect on the plastic strain and martensite fraction. However, for hydrogen diffusion, the most concerning factor is the stress gradient, as also Metals 2019, 9, 977 5 of 10 seen in Equation (4). The SIMT dramatically increased the stress gradient along the crack propagation direction and acted as another path for accelerating the hydrogen diffusion. Figure 4 shows the hydrogen concentration evolutions around the crack tip. When the hydrogen concentration approached a steady-state, as shown in Figure 4a and b, the maximum hydrogen Figure 4 shows the hydrogen concentration evolutions around the crack tip. When the hydrogen concentration approached a steady-state, as shown in Figure 4a and b, the maximum hydrogen Figure 4 shows the hydrogen concentration evolutions around the crack tip. When the hydrogen concentration approached a steady-state, as shown in Figure 4a and b, the maximum hydrogen concentrations in both cases (with and without considering the effect of volume expansion) were located at the austenite side next to the induced martensite zone, rather than the martensite zone near the crack tip, which consistent with the experiment results [6, 35] . The reason was that the strain-induced martensite rapidly transported the hydrogen atoms from the inner surface to the adjacent austenite for the higher diffusivity of the martensite [17] . However, the difference of the maximum concentration value in the two cases was obvious, i.e., 86.8 ppm versus 63.6 ppm, indicating that the volume expansion of the SIMT can largely increase the hydrogen concentration level. A comparable hydrogen diffusion analysis was conducted only considering the stress-assisted diffusion, which is also shown in Figure 4c . Apparently, the influence of the SIMT along with its volume expansion was much larger than the stress, showing that hydrogen accumulation was orders of magnitude faster. martensite phase, the hydrogen from the inner-face diffused transiently, but the hydrogen accumulation was deterministic. The critical position with the maximum hydrogen concentration located at the site in the austenite rich region with a martensite fraction approximates to 0.1. The martensite fraction at the critical positions in both cases were the same as point A and B in Figure  4a ,b, respectively. It could be deduced that the critical position was always at a position where the phase proportion was relatively constant. If the external force changed the SIMT area, the accumulation position changed. The volume expansion had an effect that the position with f = 0.1 was pulled back from the crack tip, thus the maximum concentration position was deeper. Figure 5 shows the time evolution of hydrogen concentration at critical positions. The straininduced martensite could accelerate the hydrogen diffusion, and considering the volume expansion, the hydrogen concentration approached a larger value. The martensite fraction was slightly decreased with the influence of SIMT, and the hydrogen diffusivity in martensite phase was several orders of magnitude larger than that in austenitic phase. The hydrogen diffusivity of the material at the crack tip, while considering the volume expansion, was decreased. Thus, before the critical time, as shown in Figure 5 , the hydrogen concentration, while considering the volume expansion, was lower than that without considering the expansion. After the critical time, the hydrogen concentration, while considering the expansion, became larger due to the larger stress gradient caused by the expansion. It is worth noting that a slight change of the martensite fraction causes obvious hydrogen diffusion behavior around the crack tip. Due to the large differences of the hydrogen diffusivity and solubility of the austenite and martensite phase, the hydrogen from the inner-face diffused transiently, but the hydrogen accumulation was deterministic. The critical position with the maximum hydrogen concentration located at the site in the austenite rich region with a martensite fraction approximates to 0.1. The martensite fraction at the critical positions in both cases were the same as point A and B in Figure 4a ,b, respectively. It could be deduced that the critical position was always at a position where the phase proportion was relatively constant. If the external force changed the SIMT area, the accumulation position changed. The volume expansion had an effect that the position with f = 0.1 was pulled back from the crack tip, thus the maximum concentration position was deeper. Figure 5 shows the time evolution of hydrogen concentration at critical positions. The strain-induced martensite could accelerate the hydrogen diffusion, and considering the volume expansion, the hydrogen concentration approached a larger value. The martensite fraction was slightly decreased Metals 2019, 9, 977 7 of 10 with the influence of SIMT, and the hydrogen diffusivity in martensite phase was several orders of magnitude larger than that in austenitic phase. The hydrogen diffusivity of the material at the crack tip, while considering the volume expansion, was decreased. Thus, before the critical time, as shown in Figure 5 , the hydrogen concentration, while considering the volume expansion, was lower than that without considering the expansion. After the critical time, the hydrogen concentration, while considering the expansion, became larger due to the larger stress gradient caused by the expansion. It is worth noting that a slight change of the martensite fraction causes obvious hydrogen diffusion behavior around the crack tip. The volume expansion of the SIMT had positive influences on the crack tip in the absence of hydrogen, such as it decreased stress concentration, changed the tensile stress into compression stress, retarded the plastic strain and martensite fraction (although limited). The volume expansion seemed to play an active role in the resistance to HE in mechanics. On the contrary, the hydrogen diffusion modeling found that the volume expansion of the SIMT increased the HE susceptibility. The volume expansion could not cause obvious change of the martensite fraction due to its small amount compared with the plastic strain, thus the hydrogen diffusivity was less affected. However, the stress field was very easy to be affected, only a nonzero volume expansion could change the stress distribution. To release the tensile stress or change to compressive stress, the stress-strain curve follows linear elastic constitutive relation, even the material was in the strain-hardening state. According to the stress results, as shown in Figure 2 , the maximum tensile stress was no more than 500 MPa, thus, the needed strain to change the tensile state of the crack tip to compressed state was just 1-2 × 10 −3 . Compared with the volume expansion strain (7.8 × 10 −3 ), the tensile stress around the crack tip is very easy to change to compressive stress under the effect of the volume expansion of SIMT. Once tensile stress around the crack tip was changed into severe compressive stress state, and the stress gradient was sharply increased, as shown in Figure 2 . As results, the hydrogen diffusion was further accelerated.
Above all, the presence of SIMT elevated the level that the maximum hydrogen concentration reached-i.e., increased the HE susceptibility-in two ways. Firstly, a large amount of strain-induced martensite formed in the vicinity of the crack tip acted as a rapid path for hydrogen diffusion [3, 17] . Secondly, the volume expansion of austenite to martensite phase transformation caused a great stress gradient from the crack tip point with pressure stress to the deeper maximum tensile stress position. This effect not only further accelerated the hydrogen transport to the critical position ahead of the crack tip, but also further increased the maximum value of the hydrogen concentration at the critical position. The austenite at the critical position where hydrogen concentration had the maximum value was located at the austenite side near the SIMT zone was possibly embrittled by the high hydrogen concentration. Furthermore, this position had also contained an amount of martensite (f = 0.1), which The volume expansion of the SIMT had positive influences on the crack tip in the absence of hydrogen, such as it decreased stress concentration, changed the tensile stress into compression stress, retarded the plastic strain and martensite fraction (although limited). The volume expansion seemed to play an active role in the resistance to HE in mechanics. On the contrary, the hydrogen diffusion modeling found that the volume expansion of the SIMT increased the HE susceptibility. The volume expansion could not cause obvious change of the martensite fraction due to its small amount compared with the plastic strain, thus the hydrogen diffusivity was less affected. However, the stress field was very easy to be affected, only a nonzero volume expansion could change the stress distribution. To release the tensile stress or change to compressive stress, the stress-strain curve follows linear elastic constitutive relation, even the material was in the strain-hardening state. According to the stress results, as shown in Figure 2 , the maximum tensile stress was no more than 500 MPa, thus, the needed strain to change the tensile state of the crack tip to compressed state was just 1-2 × 10 −3 . Compared with the volume expansion strain (7.8 × 10 −3 ), the tensile stress around the crack tip is very easy to change to compressive stress under the effect of the volume expansion of SIMT. Once tensile stress around the crack tip was changed into severe compressive stress state, and the stress gradient was sharply increased, as shown in Figure 2 . As results, the hydrogen diffusion was further accelerated.
Above all, the presence of SIMT elevated the level that the maximum hydrogen concentration reached-i.e., increased the HE susceptibility-in two ways. Firstly, a large amount of strain-induced martensite formed in the vicinity of the crack tip acted as a rapid path for hydrogen diffusion [3, 17] . Secondly, the volume expansion of austenite to martensite phase transformation caused a great stress gradient from the crack tip point with pressure stress to the deeper maximum tensile stress position. This effect not only further accelerated the hydrogen transport to the critical position ahead of the crack tip, but also further increased the maximum value of the hydrogen concentration at the critical position. The austenite at the critical position where hydrogen concentration had the maximum value was located at the austenite side near the SIMT zone was possibly embrittled by the high hydrogen concentration. Furthermore, this position had also contained an amount of martensite (f = 0.1), which could have been the micro-crack source. Thus, this critical position was probably destroyed with the combination of high hydrogen concentration, SIMT and stress field, consequently causing crack propagation.
The volume expansion of SIMT causes compressive stress in the martensite phase, while tensile stress in the austenite phase, therefore, large stress gradient was caused not only around the crack tip, but also in the phase interface between austenite and martensite. Once the ASSs were in the hydrogen environment, the hydrogen accumulation must happen in the phase interface and thus increases the susceptibility of HE. However, in the opening literature, suitable martensite transformation has a positive effect on ASSs. This conflicting effect of SIMT should be further investigated for the application of ASSs in a hydrogen environment.
Conclusions
The influence of the volume expansion of SIMT on the hydrogen diffusion around a crack tip of type 304L austenite stainless steel was investigated by building a mechanical hydrogen diffusion sequential coupled model. This volume expansion slightly influenced the plastic strain and martensite transformation fraction, so it has a very limited effect on the hydrogen diffusion properties around the crack tip. However, it severely affected the stress field distribution, i.e., changed the tensile stress state to high compressive stress state at the crack tip. A very large stress gradient was the result. Consequently, it further accelerated the transport and accumulation of the hydrogen from the inner surface towards a critical region ahead of the crack tip. The peak hydrogen concentration at the critical position located at the site in austenite-rich region where the martensite fraction approximated to 0.1. Compared to the analysis without considering the volume expansion, the effect of volume expansion further increased the susceptibility of HE.
